A method has been developed whereby refractive microlenses can be produced in poly (methyl methacrylate) by excimer laser irradiation at λ = 248 nm. The lenses are formed by a combined photochemical and thermal process. The lenses are formed as depressions in the substrate material (negative focal length), which makes replication necessary in order to obtain lenses with a positive focal length. The method allows for considerable flexibility with respect to the pattern of lenses and the properties of the individual lenses. In this investigation it was possible to vary the diameter of the lenses between 30 and 500 µm and the focal lengths between 300 µm and several mm.
Introduction
Polymer microlenses and microlens arrays are important for several applications. They can be used, e.g., to increase the coupling efficiency of optical fibres [1] , for display purposes [2] or in micro total analysis systems (µTAS) for detection purposes [3, 4] . The literature reports many different schemes to produce microlenses or microlens arrays, of which the most widely applied seems to be the resist reflow technique [1, 2, [4] [5] [6] . Other authors use swelling techniques, such as styrene diffusion in an acrylic matrix [7] or synchrotron radiation modification of a polymer base material [8, 9] . Several reports also exist on microlens formation based on dopant induced effects in polymer [10, 11] . Finally there are reports on direct machining of microlenses via focussed ion beam milling [12] , CO 2 laser machining [13] , graytone photolithography [14] , inkjet printing [15] and excimer laser machining [16, 17] .
The approach presented here is also based on excimer laser machining of a polymer substrate, but in a different way from reported hithertofore.
Theoretical aspects of lens formation
It has been shown by several authors that KrF excimer laser irradiation at λ = 248 nm of poly (methyl methacrylate) (PMMA) causes mainly two things to happen [7, [18] [19] [20] [21] :
(1) Sidechains are cut off the main polymer backbone in the form of methyl formate, CH 3 COOH. ( 2) The backbone itself is segmented, resulting in lower average molecular mass, M w .
When the ablation threshold for PMMA is exceeded, ablation, i.e. material removal, will start to take place, inducing a more complex process. In the following we will consider only irradiation below or near the ablation threshold, where ablation is not very pronounced.
Given that the PMMA sample is irradiated through a circular aperture, we can therefore assume that the properties of the polymer have been altered in a cylindrical interaction volume. A concentration distribution of methyl formate exists in the PMMA matrix, and the matrix has a shorter chain length than the unaffected bulk polymer. Given the nature of the laser-matter absorption processes, it is reasonable to assume that the concentration profile, C(x), perpendicular to the surface is given by (1) where C 0 is the concentration at the surface and k is the characteristic length. Because of the relatively poor absorption of PMMA at 248 nm, it has been found that this modification will extend on the order of 40 µm into the material [7] . It follows from the Flory and Fox model [8] that the glass transition temperature of the irradiated polymer will be lower than the surrounding bulk polymer:
where T g is the glass transition temperature of the shortsegment polymer, T g∞ is the glass temperature at infinite chain length, K is a constant and X n is the average number of segments (monomer units) in the chain. Thus, by heating the sample irradiated by the excimer laser two effects are expected to take place.
(a) The volatile compound methyl formate will start to evaporate from the surface of the irradiated area. This will cause the irradiated volume to shrink. (b) The low T g material will start to melt. The molten polymer will assume a spheroidal shape due to the surface tension of the polymer melt. Because of the shrinkage, this shape will develop downwards into the material.
Effectively, the combination of these processes will cause depressions of spherical shape to develop in the material, which will act as lenses with a negative focal length. We can estimate the rate with which the lenses develop. We choose to investigate a one-dimensional model of the problem, i.e., we disregard the actual shape of the lenses, and consider only the vertical movement of one point at the lens surface. We also assume that the development of the lens is planar, so the volume, V(t), is proportional to x(t) through the irradiated area, A:
Our final assumptions are that at any stage the time derivative of the volume is proportional to the concentration of volatile species in the surface. The governing factor, K T , depends on the ambient heating temperature, considered to be constant:
By inserting expression (1) for the concentration and (3), relating x and V, we obtain a differential equation in V(t):
With boundary condition V(0) = 0 and by using equation (3) we obtain for x
A long penetration depth of the laser light (k small) results in deeper lenses. The total dose of laser light determines the constant C 0 , meaning that a higher dose results in a faster developing lens. A higher temperature (higher K T ) will also result in a faster development of the lens. The presented model is very simplified compared to the actual conditions, since several influencing variables have been neglected. The action of the surface tension tends to complicate the relation between volume and depth, equation (3) . Diffusion of the volatile species from beneath the surface would increase the evaporation rate, equation (4) . Temperature gradients occurring in the material have also been neglected. While these simplifications seem hard to justify completely, the functional form of equation (6) is in accordance with the experimental data, as demonstrated below, and the simple model serves to describe the lens formation mechanism in an intuitive manner.
Fabrication of microlenses
The lens fabrication is a three step process: firstly, the PMMA substrate material is irradiated in the desired pattern, and with the desired dose. The term dose refers to the total energy irradiated onto the sample, i.e. the fluence per shot times the number of shots. The unit of dose is J cm −2 . Secondly, the substrate material is heated by placing it in a pre-heated oven and, finally, a PDMS replication is made of the microlens array. In the following each of these steps will be elaborated on.
Irradiation of PMMA
To study the effects of the irradiation dose on the lens properties, a number of samples of PMMA (Plexiglas XT 1030, Röhm) were cleaned with ethanol. Then they were irradiated in the pattern shown in figure 1 , in which the diameter of the irradiated area, the fluence and the shot number, i.e. the dose, are varied. Rows 1 and 2 are irradiated at 50 mJ cm −2 , row 3 at 198 mJ cm −2 , row 4 at 990 mJ cm −2 and row 5 at 3010 mJ cm −2 . That is, rows 1 and 2 are just at the ablation threshold reported in the literature [19] , row 3 slightly above and rows 4 and 5 are well above the ablation threshold.
The irradiation was performed with a KrF excimer laser (MicroMaster TM , OPTEC S.A., Frameries, Belgium), in which a stainless steel mask is projected onto the sample surface. Since we want circular areas of irradiation, we use circular holes in the steel mask. The 250 µm lenslets are formed by a 10 times demagnification of a 2.5 mm hole, and the same hole is used at 5 times demagnification to form the 500 µm lenslets.
After irradiation the height/depth of the lenses are measured using a Zygo NewView interference microscope (IFM). For rows 1-3 the depths vary between 50 nm and 1 µm, while the values are larger for rows 4 and 5 above the ablation threshold. Furthermore the affected areas in rows 4 and 5 show definite thermal effects, such as bubbles and redeposited material close to the ablation area. It was found that the depths of row 5 exceeded the range of the IFM, and no data from row 5 are presented here.
Supplementary tests were carried out to evaluate the range of diameters that could be achieved. Between 30 and 500 µm no problems were encountered, the lower limit being set by available high-quality masks. There is no reason to believe that 30 µm is the minimal diameter, since the minimum spot size is limited by the resolution of the laser objective lens to approximately 2 µm.
Heat-treatment of the samples
After irradiation, the samples are subjected to different heattreatments. By heating the samples, the lenses will form as depressions in the substrate material, according to the theoretical model. Thus, the thermal treatment studies serve the dual purpose of testing whether equations (5) and (6) are justified, and to find an optimal protocol for thermal development of the lenses. Equation (6) states that at a higher temperature, the lenses should develop to a greater depth than at lower temperature, in the same amount of time.
The heat treatments are carried out by pre-heating an oven to the desired temperature. When a steady temperature has been reached the sample is placed on a microscope glass-slide which is placed in the oven for a given time interval. Then the glass-slide is removed from the oven and placed on an aluminium block at room temperature and allowed to cool. After room temperature has been reached, the depths of the lenses are measured using the IFM.
It should be noted, since the interference microscope relies on reflected light from the surface, inclined walls might not be measurable. Thus lenslets of a certain depth will not produce measurable signals apart from a region around the bottom of the lenslet. Thus, in the following all depth values refer to the central point of the lenslets, i.e., the deepest point measured.
The glass transition temperature of the bulk PMMA is 115
• C, so it is expected that the thermal treatments should be carried out around this value. The initial test is carried out at 110
• C for 24 h. The depth measurements of the lenses are shown in figure 2 . The expected correspondence between dose and depth can be recognised, but the lens depth is furthermore influenced by the fluence at which the dose was delivered. This is also expected, since the concentration profile of volatile species will be affected by the way the energy was deposited. Another important observation is that only • C. The data are fitted according to equation (7) .
lenses formed at medium and high doses are actually spherical and symmetrical in shape. Figure 3 shows a lenslet (1B) at low dose, which is clearly distorted in shape. Comparing the 3D topographical images of the lenses acquired with the IFM with the dose layout (figure 2), the estimated minimum dose for the formation of spherical lenslets is on the order of 75-100 J cm
. Next the kinetics of the lens development is investigated. The lens depth is recorded as a function of time for several temperatures. Practically, this was done by interrupting the thermal treatment a number of times, and measuring the lens depth as a function of elapsed time at each interruption. For clarity we present data for three lenslets only, 1A, 1E and 3E corresponding to a low, medium and high dose, respectively. Figure 4 shows a series of data obtained at 110
• C, compared with a fitted expression according to equation (6):
where a and b can be understood as empirical parameters. In the derivation it was assumed that a temperature-dependent variable, K T , describes the thermal effect on the system, and that a higher total dose would result in a faster lens development. By analysing several time-depth curves at 110 • C it is possible to depict the coefficient b as a function of the total dose (in J cm −2 ), and since the measurements have been performed at constant temperature, K T is held constant. This is shown in figure 5 . Datapoints are shown for series 1, 2 and 4 corresponding to different pulse fluences. The ordinate is logarithmic.
By varying the temperature instead of the dose, it is possible to investigate how K T and therefore b varies with temperature. Figure 6 shows the evolution of the lens depth with time for lenslet 3E. The shape of the curves is representative for all lenslets, but the rest have been omitted from the graph for clarity. The curve for 130
• C shows a tendency to reversal of the depth for longer times, which is attributed to the fact that the bulk material begins to flow in addition to the irradiated material. This state should be avoided The temperature dependence of the parameter b is shown in figure 7 . The value of b was obtained by fitting the timedepth curves with equation (7), by the least-squares method. The dependence on temperature is evident, but an Arrhenius type of behaviour is not observed. The lower value of b at 130
• C than at 120
• C seems odd, and must be characterized as an outlier.
Two further observations are worth mentioning. For long heating times it is evident from figure 6 that the model equations (6) and (7) overshoot the actual lens depth, and the depth goes to infinity for infinite heating time. The explanation for this is found in the theoretical derivation. A full theoretical treatment includes mass-balance and diffusion by Fick's law with application of appropriate boundary conditions. The resulting set of equations is complicated, and would require numerical methods, providing a less transparent understanding of the processes than the approximate model presented here.
Another interesting effect is observed for low dose lenses at short times. Here the lenses do not develop as depressions right away, but swell to become protrusions initially. The effect is documented in figure 8 , and it can also be seen in figure 4 for lenslet 1A. This behaviour is probably caused by the initial stages of evaporation of the methyl formate compound. If the volatile species coalesce to form subsurface gas bubbles, then the initial effect of the heating would be to expand these microscopic bubbles. Until the species actually leave the irradiated volume, the surface would rise and then start to collapse, which is exactly what is observed.
Replication of lenses
The lenses are replicated by poly(dimethyl siloxane) (PDMS) casting, in order to form lenses with positive focal lengths. A commercial PDMS solution is used (Sylgard 184, Dow Corning), which is mixed in mass ratio 10:1 between the base solution and the curing agent. This mixture is degassed in a low-pressure container for 5 min. The working life of the solution is several hours. The degassed solution is poured over the PMMA substrate containing the negative focal length lenses, and the assembly is placed in a heated oven at 100
• C for 1 h. This ensures the complete curing of the PDMS. Afterwards the cured PDMS can be removed from the PMMA substrate, which can be reused. Figure 9 shows scanning electron micrographs of such PDMS lenses.
Optical characterization of lenses
In order to test the optical properties of the lenses a simple set-up was employed. The purpose of the test was to evaluate the focal lengths of the lenses, and to compare them to the values expected from topographical determination of the lens dimensions.
The topographical measurements give the diameter and height of each lens. Assuming that the lenses are spherical caps the radius of curvature of the lens surface, R lens , can be determined by
where h is the height of the lens and d is the diameter. The refractive properties of the lens are determined by this value, the thickness of the lens and the refractive index of the PDMS. The optical set-up for measuring the radius of curvature is shown schematically in figure 10 . The lens to be tested is placed in front of a pinhole of diameter Ø 100 µm. Although this disturbs the Gaussian wavefront from a He-Ne laser, one can still treat the beam as a Gaussian [22, 23] with good precision. An imaging lens of known focal length, f, is placed after the lens, which serves to project an image of the first beam-waist onto the glass diffuser, since direct observation of the focal point is difficult due to the small distances involved. The random scattering centres of the matt glass plate serve to form a speckle pattern on the viewing screen. The lateral size of the speckles is inversely proportional to the illuminated source area [24] . Thus, when the speckle pattern consists of the largest speckles, the beamwaist of the lens to be tested is imaged onto the plane of the matt glass plate. This happens for a fixed set of d 1 , d 2 and f. Applying Gaussian beam propagation [25, 26] allows one to calculate the radius of curvature of the sample lens in terms of d 1 , d 2 and f. Figure 11 shows the comparison between the radius of curvature obtained by topographical measurements through equation (8) , and the values obtained by optical measurements. There is excellent agreement between the two sets of data, at least for the stronger focussing lenses. The reason for the significant deviations at longer focal lengths is partly due to the fact that here the beam-waists are not so precisely defined in space, which makes exact determination of d 1 and d 2 difficult, for the given optical set-up. The data also serve to illustrate that the imaging properties of the microlenses are acceptable.
A more illustrative way of testing the imaging properties is presented in figure 12 . Here an array of lenses was used to view an image of a 'smiley'. By placing the microlens array under an optical microscope and focussing the microscope on the back focal plane of the array a series of miniature smileys could be recorded.
The reproducibility of the lens formation process was evaluated by testing one lens array with the interference microscope. A total of 249 lenses were measured, of which four were defective. The defects observed were bubbles in the PDMS material, which distorted the lens shape. This corresponds to 1.6% defective lenses out of the total number.
In quantitative terms the mean radius of curvature of the 245 'good' lenses was measured:
R lens = 454 µm ± 18 µm, i.e., a standard deviation of 4%.
Summary
A new method for forming microlenses or microlens arrays has been demonstrated, which utilizes excimer laser degradation of PMMA followed by a thermal treatment. PDMS casting is applied to replicate the lenses, in order to obtain lenses of positive focal length. The radius of curvature of the lenses is determined by the total dose of laser light delivered onto the sample surface, and thus the focal length is adjustable. It is possible to form arrays of microlenses in which the properties of individual lenslets differ.
Here microlenses with diameters of 250 and 500 µm have been presented, but it is possible to fabricate considerably smaller lenses. The diameter of the lenses is defined solely by the irradiated area, so smaller lenses can be formed by using smaller projection masks. The focal lengths have been varied between 300 µm and 3 mm, and it has been demonstrated that the imaging properties of the lenses are good. Lenses with diameters ranging between 30 and 500 µm could be formed, but the lower limit is estimated to be less than 30 µm. So far, no investigations on the fill factor have been carried out, but the optimal packing pattern is hexagonal close packed. On average more than 98% of the lenses in an array are good. The rest are distorted to some extent, due to bubbles trapped inside the material.
We have also studied the thermal processes that occur during lens development, and a theoretical model has been devised, which describes the lens formation as a function of key variables, i.e., fluence and dose, temperature and time. The model fits the data well, but tends to overshoot the data at long times. The reason for this should be sought in one or more of the assumptions made. But the model manages to predict that higher temperatures cause much faster lens development. Currently the optimal heating protocol has been found to be 10 min at 150
• C, which ensures very rapid lens development, while still leaving the substrate material solid.
The method is fast and flexible in terms of lens properties, and by using other methods than PDMS casting a greater number of lenses could be produced. By using a hard setting material instead of PDMS a more rigid lens structure could be made. The literature reports many potential applications of microlenses and arrays thereof, and application of the lenses will be the next step in our studies.
